Miscanthus × giganteus yield and fertilizer N requirements have been well studied in Europe and parts of the United States, but few reports have investigated its production on eroded claypan soils economically marginal for grain crops. This study was conducted to evaluate yield potential and fertilizer N strategies for young and mature M. × giganteus on eroded soils. Constant (medium, high) and priming (low, medium, high) fertilizer N rates were applied during 2013 to 2015 at three locations in Missouri to young stands planted in 2012. Constant rates (low, medium, high) also were applied to one mature stand planted in 2007. Winter biomass yield (13.3-23.8 Mg ha -1 ) was comparable to more productive soils and increased with N fertilization at only two sites with young stands. At one location, yield increased by 44, 48, and 82% with fertilization in 2013, 2014, and 2015, respectively, while the other location increased by 43% only in 2015. At both locations, the medium constant rate (67 kg N ha -1 yr -1 ) was the lowest rate that maximized total yield across 3 yr. This rate was efficient as it did not increase N removal in harvested biomass. Fertilization always increased leaf chlorophyll concentration (LCC) and site-years with relative LCCM. × giganteus on eroded soils with low organic matter content, and relative LCC can accurately identify when fertilization is required. M iscanthus × giganteus (subsequently referred to as Miscanthus) is a plausible renewable energy feedstock option because it is more productive than most C 4 perennial grasses, is more effi cient than almost all crops at converting solar energy into biomass (Dohleman et al., 2012) , typically requires few agrochemical inputs (Cadoux et al., 2012) , can potentially improve soil quality or health, and can reduce negative environmental impacts of agriculture (McLaughlin and Walsh, 1998; Heaton et al., 2004 Heaton et al., , 2008 . Other markets in the United States, besides producing second generation ethanol, have begun to emerge for Miscanthus, including use as poultry bedding, fl ooring material, general absorbent, and soluble fi ber (MFiber, 2016) . Th ese markets are good for local economies and provide growers with other options in land use, especially in areas that are marginally profi table with arable crops.
M
iscanthus × giganteus (subsequently referred to as Miscanthus) is a plausible renewable energy feedstock option because it is more productive than most C 4 perennial grasses, is more effi cient than almost all crops at converting solar energy into biomass (Dohleman et al., 2012) , typically requires few agrochemical inputs (Cadoux et al., 2012) , can potentially improve soil quality or health, and can reduce negative environmental impacts of agriculture (McLaughlin and Walsh, 1998; Heaton et al., 2004 Heaton et al., , 2008 . Other markets in the United States, besides producing second generation ethanol, have begun to emerge for Miscanthus, including use as poultry bedding, fl ooring material, general absorbent, and soluble fi ber (MFiber, 2016) . Th ese markets are good for local economies and provide growers with other options in land use, especially in areas that are marginally profi table with arable crops.
Marginal or eroded soils are primary targets for fuel and fi ber crop development because they avoid displacement of productive cropland currently used for food and feed production (Robertson et al., 2008; Searchinger et al., 2008) . Eroded soils, particularly as they pertain to some parts of the southern U.S. Corn Belt, have major concerns of water erosion, fl ooding, limited plant available water capacity, and maintenance of organic matter (USDA-NRCS, 2006) . Water erosion, accelerated by modern agricultural practices, has severely degraded cropland productivity of these sensitive soil areas and resulted in signifi cant topsoil loss (USDA-NRCS, 2006; Lerch et al., 2008) . Th ese issues on eroded soils are generally further exacerbated when restrictive claypans are present at shallow depths. As a result, eroded claypan soils can oft en have marginal profi tability due to suppressed grain yield or greater risk of crop failure, especially for corn (Zea mays L.) (Massey et al., 2008) .
Miscanthus is generally well-suited for a range of soil conditions, but may perform best in soils with high water-holding capacity and adequate soil moisture (Heaton et al., 2004 (Heaton et al., , 2010 . Pyter et al. (2009) noted that yield in Europe showed no apparent relationship to soil type but required 3 to 5 yr to obtain maximum yield on poor soil in contrast to 2 to 3 yr on
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more fertile soils. Slower establishment on poorer soils also was confirmed in trials across Illinois where two sites with poorer soil (land capability class 3w) reached maximum yield slower than five others with more productive soils (Arundale et al., 2013) . Slower establishment on poorer soils has not, however, consistently led to lower maximum or ceiling yields in the United States. At these same seven Illinois locations, the maximum yield of mature stands (5-7-yr old) varied across locations and did not consistently improve as soil productivity or capability improved. Although some studies in the United States have evaluated production capacity of Miscanthus on eroded soils, few trials have been conducted on eroded soils with a claypan. These estimates of productivity are critical because claypan soils occupy more than 3 million ha in Missouri and Illinois, and this land base could contribute significantly to future bioenergy feedstock production. An important ongoing question regarding the production and sustainability of Miscanthus is whether fertilizer N is required to increase and maintain yield. In general, stands in North America have had higher yield and greater frequency of yield response to N than European stands (e.g., Christian et al., 2008; Arundale et al., 2013; Finnan and Burke, 2014; Haines et al., 2014 , Davis et al., 2015 . However, studies in both continents have shown that yield response to fertilizer N can vary considerably among sites and among years within sites. This variation has not corresponded directly to Miscanthus stand age, and it may be even more rampant on eroded claypan soils because they are generally low in organic matter, high in N loss, and have highly variable plant available water capacity. The lack of N response in some young and mature stands has been attributed to the ability of the plant to recycle nutrients back into the rhizome before senescence Dohleman et al., 2012) , high soil N levels or N mineralization rates (Himken et al., 1997; CliftonBrown et al., 2007; Christian et al., 2008; Davis et al., 2013) , and/or atmospheric N deposition from possible symbiotic relationships of free-living N fixing organisms associated with Miscanthus roots (Eckert et al., 2001; Miyamoto et al., 2004; Christian et al., 2008) . Although Miscanthus can effectively recycle N, stands in the United States remove between 20 and 116 kg N ha -1 yr -1 Haines et al., 2014; Singh et al., 2015; Masters et al., 2016) , which may necessitate maintenance fertilizer be added in the long-term (Miguez et al., 2008) if soil N mineralization or possible N fixation is less than removal.
The yield and amount of fertilizer N required by Miscanthus is influenced by its ability to move N and carbohydrates between aboveground and belowground portions of the plant during key moments of the growing season. Beale and Long (1997) found that in the spring, N moved from the rhizome and roots into the aboveground biomass until July when maximum levels were attained. From July until the end of the season, N content then reversed as N remobilized from the aboveground biomass back to the belowground biomass until senescence. This same trend in aboveground biomass N content was confirmed using LCC (Finnan and Burke, 2014) , which is strongly related to N content (Evans, 1989) , and can be measured accurately with chlorophyll meter sensing (Markwell et al., 1995) such as soil plant analysis development (SPAD). Leaf chlorophyll concentration has been successfully used to predict fertilizer N requirements of several crops (e.g., Bullock and Anderson, 1998 ), but has not been evaluated for this purpose in Miscanthus.
All previous Miscanthus studies have evaluated annual fertilizer N requirements. As a perennial crop that efficiently recycles applied N through remobilization and storage in belowground tissue (Christian et al., 2006) , N fertilization strategies that are "maintenance-like" or multi-year in nature may be beneficial. Priming the N cycle by adding more N upfront to help the crop establish then reducing later application rates to maintain growth and removal may be effective. These types of fertilization strategies need to be evaluated for Miscanthus to most efficiently manage this potentially profitable bioenergy and industrial crop on eroded claypan soils. Furthermore, tools are needed to annually predict when fertilizer N will be required. Therefore, the objectives of this research were to: (i) determine the yield potential of Miscanthus on eroded claypan soils; (ii) evaluate the effects of N fertilization strategies (constant vs. priming rates) on seasonal LCC, biomass yield, biomass N concentration and content at harvest and soil N dynamics in both young and mature Miscanthus stands on eroded soils; and (iii) determine whether LCC is a reliable tool for identifying responsiveness to N. Table 1 .
Daily weather data ( Fig. 1) for Boone-LT and Boone-JF were obtained from a weather station at the University of Missouri South Farm, and for Cooper and Moniteau were obtained from the nearest National Weather Service station to the site from the Utah State University Climate Database Server. For Cooper, the weather station reporting air temperature and precipitation were at distances of 2.3 and 8.5 km from the study site, respectively. For Moniteau, air temperature and precipitation were obtained from the Columbia Regional Airport, located 19 km from the study site. This station also was used to obtain 30-yr (1981-2010) normal air temperature and precipitation for all locations. A base temperature of 10°C was subtracted from the daily average air temperatures, and all resulting daily temperatures above 0°C were summed to determine cumulative growing degree days.
young Miscanthus stand experiment
Prior to Miscanthus establishment in 2012, Boone-LT was cropped with corn and soybean (Glycine max L.) that had annual tillage, Cooper was a long-term grass mixture not harvested as a part of the Conservation Reserve Program, and Moniteau was a long-term grass mixture with annual harvests. All three locations had no recent livestock grazing or manure applications. In the spring of 2012 at all three sites, plots were tilled with a disk chisel and Miscanthus rhizomes were planted. At Boone-LT, rhizomes were hand planted at 0.75-m spacing within and between rows to a depth of 10 cm. At the two sites on producer fields, rhizomes were planted with a field-scale planter at approximately 2 rhizomes m -2 and to a depth of 10 cm. Rhizomes for all three sites were the Illinois clone cultivar, which has been certified by the Ohio Seed Improvement Association quality assurance program (USDA-FSA, 2012). In the spring of 2013, four replications of six fertilizer N rates were established in a randomized complete block design. Fertilizer N plot dimensions varied between locations and were 3.8 by 9.1 m at Boone-LT and 3 by 4 m at Cooper and Moniteau. Fertilizer treatments of 0, 34, 67, 67, 134, or 134 kg N ha -1 were broadcast by hand on 20 May using the stabilized granular urea SUPERU (Koch Agronomic Services, LLC, Wichita, KS). In both 2014 and 2015, the same application method, source, and date were used but previous fertilizer N treatments were staggered to create a range of constant and N priming rates over 3 yr (Table 2) , the plots were mowed in the early spring and residue was left in place. In 2010, plots were burned in early spring. In 2011, no N fertilizer was applied and the plots were harvested after senescence in the early winter. The present study began in 2012 with the establishment of three replications of four fertilizer N rates organized in a randomized complete block design. Fertilizer N rate plots measured 3.7 by 13.7 m and rates of 0, 45, 90, or 134 kg N ha -1 were broadcast by hand on 17 May using SUPERU. In 2013, no fertilizer N was applied, and in 2014 and 2015, the same rates from 2012 were re-applied on the same plots on 20 May (Table 2) .
response Measurements Each year (2013) (2014) (2015) in both experiments, SPAD chlorophyll meter (SPAD-502, Minolta Camera Co. Ltd., Osaka, Japan) readings were taken at all four sites in each N rate plot at 4-wk intervals from mid-June to mid-September in 2013 and from mid-May to mid-September in 2014 and 2015. The one exception was that no readings were collected at Cooper in September 2014. Where measured, the SPAD reading for each plot was the average of readings collected on the middle of 20 to 30 randomly selected leaves in the mid-canopy. Relative LCC or SPAD was calculated by year, location, month, and block as the SPAD value of the nonfertilized control divided by the SPAD value of the high N rate treatments (134 kg N ha -1 yr -1 ).
After Miscanthus canes had senesced and the majority of the leaves had dropped in each year they were harvested in December by cutting a 1.32-m wide swath at 10 to 15 cm above the soil surface from the center of each plot using a sickle-bar mower. Cut canes were collected and weighed in the field and a three to five cane subsample was taken and dried at 60°C for 72 to 96 h to determine moisture and calculate dry matter yield. All yields are expressed on a dry matter basis. Maximum yield was the average yield across N rates at site-years with no response to N or the average yield across N rate treatments with the highest statistically equivalent yield at N responsive site-years. Dried subsamples were ground to pass through a 1-mm sieve using a Wiley Mill (Thomas Scientific, Swedesboro, NJ) and analyzed for total N concentration with combustion using a Vario Max CNS Analyzer (Elementar Americas Inc., Mt. Laurel, NJ). Nitrogen content was the product of N concentration and dry matter yield.
Residual soil NO 3 -N following Miscanthus harvest was measured in early April 2014, mid-January 2015, and midDecember 2015 at all four sites. In April 2014 and January 2015, three soil samples (20-mm i.d. by 0.9-m deep) were collected from each N rate plot and composited into single samples by 0.3-m segments. In December 2015, the same protocol was followed but larger diameter (41 mm) samples were collected using a hydraulic coring system (Giddings Machine Co., Fort Collins, CO). All soils were dried at 60°C for 48 h before being pulverized with a Dynacrush Soil Crusher (Custom Laboratory Equipment Inc., Orange City, FL). Pulverized soil was subsampled (10 g), extracted with 25 mL of 2 M KCl, and analyzed for NO 3 -N with cadmium reduction using an automated flow-injection analyzer (QuikChem 8500 Lachat, Lachat Instruments, Loveland, CO). Soil NO 3 -N concentration was converted to content using soil dry bulk densities for each 0.3-m segment from the USDA-NRCS soil survey geographic database (Soil Survey Staff, 2011) for each site. The sum of NO 3 -N content from the surface to the 0.9-m depth was used to describe the soil profile. A subset of the soil samples collected in January 2015 was used to determine soil potentially mineralizable nitrogen (PMN). Samples used from each site and replication were the control, medium constant, and high constant N rate treatments (Table 2) . Three subsamples (10 g each) were taken from each pulverized soil sample. One subsample was submerged in 100 mL 2 M KCl, shaken for 45 min, then filtered and colorimetrically analyzed for NH 4 -N following the methods of Rhine et al. (1998) . The second and third subsamples were submerged with 50 mL ultrapure water and incubated at 40°C for 7 or 14 d. Following incubation, NH 4 -N concentration was measured using the same extraction and analysis method as the nonincubated samples. For each sample, mineralizable N was calculated as the difference in NH 4 -N concentration between incubated and nonincubated samples. Another subset of the samples collected in January 2015 were used to determine soil fertility levels. Dry, pulverized subsamples from the 0.3-m depth of each nonfertilized control treatment were composited by site and analyzed for soil pH, organic matter, P, K, and cation exchange capacity by the University of Missouri Soil Testing Laboratory (Grafton et al., 2015) .
statistical analysis
Data were analyzed by experiment (young and mature stands) and year using the GLIMMIX procedure of SAS (SAS Institute, 2011) at P = 0.05. Data were analyzed by year because N rate treatments were cumulative and differed each year. Location, N rate, month of SPAD measurement, and their interactions were considered fixed effects while block within location and interactions of block with fixed effects were considered random. Month of SPAD measurement also was treated as a repeated measure. Several covariance structures were evaluated and the selected structure, first-order autoregressive, had the lowest fit statistics or best fit. Dependent variables were biomass yield, LCC, relative LCC, biomass N concentration and content at harvest, residual soil NO 3 -N, and PMN at 7 or 14 d. Leaf chlorophyll concentration was not collected at Cooper in September 2014 so data from this month for the other two locations with young stands were analyzed separately from May through August. The interaction between location × N rate was significant for biomass yield in 2014 and 2015, but not 2013. Mean biomass yield in 2013 at Moniteau was numerically greater at medium N rates than the highest N rate. Therefore, three polynomial contrasts of location × N between Moniteau and Cooper, Moniteau, and Boone-LT, and Cooper and Boone-LT were conducted for yield data in 2013 to ensure that locations were correctly identified as responsive or nonresponsive to N. The assumptions of equal variance and normality were examined by visually inspecting the residuals vs. predicted and QQ-plots generated with the UNIVARIATE procedure of SAS and were met. When fixed effects were significant, means were compared using pairwise t tests at P ≤ 0.05 with the PDIFF option in the GLIMMIX procedure of SAS. results and disCussion Biomass yield increase with stand age The increase in maximum biomass yield from 2013 to 2015 as stands aged was 32% at Cooper, 44% at Moniteau and Boone-JF, and 79% at Boone-LT the most N-responsive site (Table 3) . These percentage yield increases observed during the first 3 yr (2013) (2014) (2015) of production were similar to the range (12-100%) on young stands in England (Christian et al., 2006) and the midwestern and eastern United States (Davis et al., 2015) . Furthermore, the range in maximum yield obtained in this study (13 to 16, 15 to 20, and 20 to 24 Mg ha -1 for 1-, 2-, and 3-yr-old stands, respectively) were similar to those in other reports of young Miscanthus grown on a range of soils in the United States. Maximum yield of Miscanthus across five states (Kentucky, Illinois, Nebraska, New Jersey, and Virginia) ranged from 9 to 17, 11 to 27, and 10 to 31 Mg ha -1 for 1-, 2-, and 3-yr-old stands, respectively, (Davis et al., 2015) and was 24 Mg ha -1 across two sites with 3-yr-old stands in the Piedmont and Mountain regions of North Carolina (Haines et al., 2014) . Therefore, eroded claypan soils may not negatively impact Miscanthus establishment or yield (Arundale et al., 2014; Randall et al., 2016) .
Biomass yield response to nitrogen
Boone-LT was the only site where biomass yield was increased with fertilizer N each year (Supplemental Table S1 ). In 2013, biomass yield increased by 4.1 Mg ha -1 (43%) only when the highest rate (134 kg N ha -1 ) was applied. In 2014, yield increased by 6.5 Mg ha -1 (48%) when cumulative rates of ≥101 kg N ha -1 (medium prime or greater; Table 2) were applied (Fig. 2) . The percentage of yield increase with N was similar in 2014 as 2013, but occurred with much less fertilizer. In 2015, yield increased from 14.0 Mg ha -1 for the control or the cumulative low prime N rate (Table 2) to 22.1 Mg ha -1 for rates greater than the medium prime, or 23.8 Mg ha -1 for rates greater than the medium (Fig. 2) . The yield increase between the nonfertilized control and the high rate was 11.6 Mg ha -1 (82%) and was nearly twice the percentage increase than the previous 2 yr. Total yield across all 3 yr was maximized with the cumulative medium rate (67 kg N ha -1 yr -1 ) or greater (Table 2, Fig. 2) .
Cooper was the only other site besides Boone-LT where biomass yield increased with fertilizer N, but the increase only occurred in 1 yr. Yield in 2015 increased from 15.4 Mg ha -1 with the low prime rate or less to 20.7 Mg ha -1 when the cumulative medium rate or greater (Table 2) was applied (Fig. 2) . The increase in yield between the nonfertilized control and the high N rate was 5.1 Mg ha -1 (43%), which was similar to the level of N response at Boone-LT in 2013 and 2014. Although yield responded to N in 2013, only the 34 kg N ha -1 produced less yield (2.4 Mg ha -1 ) than the other N rates, which indicated fertilizer additions would not be warranted. The minimum cumulative N rate needed to maximize the total yield across the 3 yr was the medium constant rate (67 kg N ha -1 yr -1 ).
Moniteau had a marginal response to N in 2013 (polynomial contrasts indicated that the response to N was the same for Cooper and Boone-LT [P = 0.63], for Moniteau and Cooper [P = 0.21], but not for Moniteau and Boone-LT [P = 0.033]) and a lack of response in the other 2 yr or across all 3 yr (Supplemental Table S1 , Fig. 2 ). Lack of yield response to N may have been related to low P fertility or slight differences in soil characteristics between it and the Cooper site (Table 2) ; soils at Moniteau had greater N supply (higher organic matter) and potentially less N loss (lower runoff and better drainage). Furthermore, cumulative precipitation levels were greater at Moniteau in most years (Fig. 1) , which may have stimulated greater soil N mineralization. In contrast, the lack of yield Table 2 . Within location and year(s), lowercase letters above means denote significant differences among N rate treatments. Within year(s) for the three locations with young stands, uppercase letters above means denote differences among locations by N rate treatments. The 2013 results were combined for the low prime and medium prime, and for the medium constant and high prime because the same N rate was applied.
response to N in all 3 yr of the mature stand at Boone-JF could have been due to adequate N priming during the first 4 yr of production (56 kg N ha -1 yr -1 ), different cultivar and enhanced soil fertility (especially P) compared to other locations (Table 2) , enhanced soil N mineralization (discussed below in PMN results), lack of tillage prior to planting, or other factors not measured.
The contrasting strong response to fertilizer N at Boone-LT relative to the other young stands (i.e., Cooper and Moniteau) was probably partially due to its prior grain cropping history. Other research suggests that previous cropping history might influence N response in Miscanthus stands. Christian et al. (2008) noted that Miscanthus did not respond to N when following grassland, but did respond following cropland. In another study, nearly all young stands (1-4-yr old) in five states had no annual yield response to N fertilizer except a 3-yr-old stand in Illinois in 2012 (drought year; [Davis et al., 2015] ). This Illinois site was previously conventionally row-cropped, which may have been a factor in its yield response to N, although one other site also cropped before Miscanthus did not respond to N in 2012. Furthermore, the two sites with previous row-crop history had no or less increase in N content of harvested biomass with fertilization than two other sites without prior cropping history (Masters et al., 2016) . The potential impact of previous cropping on Miscanthus N requirements at some sites may be related to greater soil health (including improved nutrient availability and cycling) for long-term grassland than grain cropping systems (Veum et al., 2015) . An additional reason why Boone-LT may have been responsive to N was greater N loss through denitrification caused by less water movement offsite (negligible slope) and higher soil water content (not measured) in comparison to Cooper and Moniteau.
The observed variance in the responsiveness of Miscanthus biomass yield to fertilizer N among sites and within sites among years is not uncommon to results from several other European and North American studies for both young (Ercoli et al., 1999; Strullu et al., 2011; Arundale et al., 2013; Haines et al., 2014; Davis et al., 2015) and mature stands (Christian et al., 2008; Larsen et al., 2013; Finnan and Burke, 2014) . Results from a meta-analysis of 184 site-years of Miscanthus research from Europe prior to 2008 suggested that low maintenance fertilizer N is needed to maintain long-term ceiling or maximum yield for stands greater than 3-yr old (Miguez et al., 2008 ), yet individual, more recent studies mentioned above have found that some stands require no fertilizer N to maximize yield in the short or long term. Furthermore, stands in the United States have generally yielded higher and responded to N more frequently than European studies (Witzel and Finger, 2016) .
The results of this study suggest that Miscanthus grown on eroded claypan soils may respond to N more frequently than other soils. Furthermore, they support the approach of medium constant (67 kg N ha -1 ) fertilizer rates instead of priming rates to maximize production for young stands, but not at every site or site-year. Therefore, it is imperative that site-specific tools are developed to predict annual fertilizer N response in Miscanthus to avoid excessive fertilizer applications that waste resources, decrease ethanol quality (Arundale et al., 2015) , and increase potential for N loss (Davis et al., 2015; Roth et al., 2015) .
leaf Chlorophyll Concentration
At the three sites with young stands, LCC was influenced by all three of the two-way interactions (location × N, location × month, and month × N) (Supplemental Table S1 ) in 2013 and by the three-way interaction among location × N × month in 2014 and 2015. At the mature stand at Boone-JF, LCC was influenced by only month in 2013, month and N in 2014, and month × N in 2015. For brevity, select results concerning the seasonal trends in LCC, differences in LCC among sites with and without biomass yield response to N, and detection of apparent carryover N from year to year are presented.
seasonal trends
At all four sites in all 3 yr, LCC across N rates usually peaked shortly after fertilization in June and then decreased as the season progressed (Supplemental Table S2 , Supplemental Fig. S1 , Supplemental Fig. S2 ). Similar patterns have been observed for leaf N concentration in a young stand (2-3 yr) in France (Strullu et al., 2011) or LCC in a mature stand (14-18 yr) in Ireland (Finnan and Burke, 2014) . Declining LCC from June or July to September was likely due to the ability of Miscanthus to intercept some of the readily available N from applied fertilizer and mobilize it into the most photosynthetically active portions of the plant. Then, as the season progressed those reserves may have been increasingly reallocated to the belowground biomass in preparation for senescence (Dohleman et al., 2012) . This reallocation pattern also has been observed in other studies from Europe with peak LCC or N uptake occurring as early as May (Himken et al., 1997) or as late as July (Beale and Long, 1997; Finnan and Burke, 2014) . Other factors causing low LCC late in the season may be dilution of N from increased biomass or roots harvesting water deeper in the soil profile where soil N is generally diluted.
nitrogen fertilization trends
In almost every month after fertilization (June-September) in every site-year, N fertilization increased LCC (Supplemental Table S2 , Supplemental Fig. S1, Supplemental Fig. S2 ). The only exceptions were for the mature stand in 2013 when no fertilizer was applied, and sometimes at the end of the season (August and/ or September) at the two sites with no biomass yield response to N (Moniteau and Boone-JF). These results indicate that a portion of the fertilizer was always available and recovered by Miscanthus, regardless of whether it was needed to increase biomass yield. Site-years with biomass yield response to N (i.e., Boone-LT in 2013-2015 and Cooper in 2015) also had consistently less LCC in nonfertilized plots than the other site-years throughout the growing season, and the greatest LCC response to N.
apparent nitrogen Carryover as detected in May before fertilization
At all three sites with young stands, residual N in the soil or stored in the rhizome was apparently available or remobilized to the aboveground plant tissue because LCC in May of 2014 before fertilization was greater in plots fertilized in 2013 than those that were not (Supplemental Fig. S1 ). In contrast, carryover N was apparently low or not available in 2015 because the fertilization in 2014 had minimal effects on LCC in May (Supplemental Fig. S2 ). Trends were similar for the mature stand at Boone-JF. No carryover from the 2012 N application was apparent in 2013, possibly due to high amounts of stored N in the rhizome, and/or high soil N mineralization in 2013, but some was present in 2014 (Supplemental Fig. S1 ). Moreover, the N application in 2014 had no influence on LCC in May 2015.
relative leaf Chlorophyll Concentration
Relative LCC was evaluated for its potential as an indicator of N fertilizer need in Miscanthus. The fact that relative LCC was lower at Boone-LT than other nonresponsive sites in May 2014, but not May 2015 (Supplemental Table S3 , Fig. 3) suggests that early to mid-June might be the earliest time that relative LCC could reliably identify responsiveness to N fertilization. In June of all 3 yr, Boone-LT had relative LCC ≤0.76, Moniteau had ≥0.87, and Cooper had ≥0.84. The site-years where yield increased with N by 40 to 50% had relative LCC between 0.72 and 0.84 (Boone-LT 2013 and Cooper 2015) , and the site-year with 82% yield increase (Boone-LT 2015) had relative LCC of 0.61. Furthermore, yield increased with fertilization at Cooper in 2015 when relative SPAD was 0.84, but not in 2014 when it was 0.85. The contrasting outcome between two relative LCCs one unit apart makes it risky to define a critical relative LCC level that separates responsive and nonresponsive site-years. Few other studies have measured LCC, but a mature stand (14-18 yr) in France (Finnan and Burke, 2014) with no annual response to N fertilization had relative LCC in June that ranged from 0.81 in 2011 (warmest and driest year of study) to ≥0.88 in four other years (2008 2010, 2012) . These collective findings support the use of relative LCC as a reliable indicator of N responsiveness, and suggest that Miscanthus with relative LCC <0.85 in early to mid-June, and especially <0.70, likely will require N fertilization to maximize yield.
Biomass nitrogen Concentration and Content at harvest
At the three sites with young stands, biomass N concentration at harvest across N rates was greatest at Moniteau and least at Boone-LT each year and across years (Supplemental Table S1 , Fig. 4 ). This was not the case for N content; Boone-LT had less N content in 2013 or across 2013 to 2015 than the other two sites, but equal content in 2014 and 2015. Nitrogen fertilization had no impact on N concentration or content of young stands in the first year (2013), but increased both measures in a similar way at all three sites in subsequent years and across years (Supplemental Table S1 ). Biomass N concentration increased by 0.9 g kg -1 (35%) with ≥ high N prime rate in 2014 at all sites, by 1.6 g kg -1 (70%) with ≥ medium prime rate only at Moniteau in 2015, and by 0.5 g kg -1 (17%) with ≥ high N prime rate across years at all sites (Fig. 4) . Likewise, N content increased at all sites by 20 kg ha -1 (45%) with ≥ high N prime rate in 2014, by 23 kg ha -1 (61%) with ≥ medium prime N rate in 2015, and by 50 kg ha -1 (35%) with ≥ high N prime rate across years (Fig. 5) . In contrast, the N concentration and content of the mature stand at Boone-JF never consistently increased as fertilizer N rates increased.
Aboveground biomass N concentration and content of young stands in 2013 may not have been influenced by fertilizer because it was mainly absorbed in the belowground biomass (Christian et al., 2006; Strullu et al., 2011) of plants establishing after a major drought year (Fig. 1) . The uniformity in N content increases (20-23 kg N ha -1 ) with fertilization in 2014 and 2015 among young stands with and without biomass yield increases showed that Miscanthus absorbed applied N, sometimes without increasing harvestable yield. Studies in United Kingdom and Ireland have found similar results; fertilization increased N content (18-23 kg N ha -1 ) of non-yield-responsive mature stands in some but not all years (Christian et al., 2008; Finnan and Burke, 2014) . Comparable results have occurred in young stands, but the increases in N content with fertilization were lower (9-10 kg N ha -1 ) in New Jersey and North Carolina (Haines et al., 2014; Davis et al., 2015) or much higher (82 kg N ha -1 ) in France (Strullu et al., 2011) .
The only fertilizer treatments that consistently increased annual and cumulative N concentration and content were the high prime and high N rate (Table 2) . Therefore, although the medium constant rate maximized total biomass yield across years at Boone-LT and Cooper, it almost never increased N concentration or content of harvested biomass. Moreover, average annual N content of harvested biomass rarely surpassed 67 kg N ha -1 yr -1 . These results support the use of medium constant rates rather than priming or higher constant rates at responsive sites.
soil nitrogen
Residual soil NO 3 -N to 0.9 m in 2013 was 13 kg ha -1 (217%) less at Moniteau than Boone-LT and Cooper and increased from 14 to 17 kg ha -1 (21%) when the highest rate (134 kg N ha -1 ) was applied (Supplemental Table S1 ). In subsequent years, residual soil NO 3 -N was not impacted by location or fertilization in 2014 and 2015 and averaged 9 and 19 kg ha -1 , respectively. Likewise, residual soil NO 3 -N following the mature stand at Boone-JF in 2013 and 2015 was not influenced by N rate and averaged 29 and 34 kg ha -1 in these respective years. However, following the 2014 harvest, the two highest cumulative N rates (179 and 269 kg N ha -1 ) had 16 kg ha -1 (68%) more residual soil NO 3 -N than the nonfertilized control and lowest N rate.
The low or lack of N fertilization effects on residual soil NO 3 -N for the young stands suggests that Miscanthus was Table S2 .
efficient at recovering and recycling applied N or that a significant amount of N was lost through denitrification, or both. Fertilization at these three locations consistently increased LCC from June to September, usually increased N concentration or N content of harvested biomass, and increased yield at Boone-LT in all years and Cooper in 2015. Thus, fertilizer was absorbed by aboveground Miscanthus biomass and much of the unaccounted for N was either in belowground biomass (not measured) or was lost, probably through denitrification and leaching (Blevins et al., 1996; Christian and Riche, 1998) . Results for the mature stand were similar to those of the young stand except in 2014 when N loss was apparently lower than other years despite wet conditions during the latter part of the season (Fig. 1) .
Potentially mineralizable N was measured in the winter of 2014 following harvest, and would be most representative of N available during the growing season of 2015. However, results may apply to other years because organic matter content should have changed none or little given the short time over which this study took place and the absence of cultivation. Potentially mineralizable N was not affected by location, N rate, or their interaction for the three young stands (Supplemental Table   Fig . 4 . Biomass N concentration of Miscanthus at harvest during and across 2013 to 2015 for young stands at Boone-LT, Cooper, and Moniteau and a mature stand at Boone-LT by fertilizer N rate treatment described in Table 2 . Within location and year(s), lowercase letters above means denote significant differences among N rate treatments. Within years for the three sites with young stands, uppercase letters above means denote differences among sites by or across N rates. The 2013 results were combined for the low prime and medium prime, and for the medium constant and high prime because the same N rate was applied. S1) and averaged 19 and 44 kg ha -1 at 7 and 14 d, respectively, across treatments. This indicates that the three sites may have had similar amounts of soil N mineralization, and that mineralized N sometimes may be sufficient to meet N removal (37-58 kg N ha -1 ) in nonfertilized harvested biomass.
At Boone-JF with a mature stand, N application also did not affect PMN (Supplemental Table S1 ), though in comparison to young stands, PMN was 74 and 43% greater at 7 and 14 d, respectively. Greater PMN may have partially been caused by increased organic matter from manure application prior to the study and mature Miscanthus, but also may be due to inherent soil characteristic differences among locations. Few other studies have measured PMN in Miscanthus, but Davis et al. (2015) found that fertilization did not influence PMN at 7 d at five sites across the midwestern and eastern United States, but PMN at a shallow depth (0-10 cm) did increase by 29 to 454% during the first four production years. Further, the 1 site-year that had a yield response to N (i.e., Illinois, 2012) did not have lower PMN than other nonresponsive site-year. These results combined with those in the present study indicate that PMN is likely not a reliable indicator of Miscanthus yield response to N fertilization.
ConClusions
Miscanthus biomass yield of young and mature stands on eroded claypan soils were similar to those on many other eroded and some productive soils in the United States. Across Table 2 . Within location and year(s), lowercase letters above means denote significant differences among N rate treatments. Within years for the three sites with young stands, uppercase letters above means denote differences among sites across N rates. The 2013 results were combined for the low prime and medium prime, and for the medium constant and high prime because the same N rate was applied.
three locations, maximum biomass yield averaged 14, 18, and 21 Mg ha -1 , during the first, second, and third production year, respectively. At one location, yield averaged 14, 17, and 20 Mg ha -1 during the sixth, seventh, and eighth production year, respectively. Comparable yield on marginal and productive soils demonstrates Miscanthus's resiliency and suggests that it might be a suitable alternative to more vulnerable annual crops on marginal soils.
Biomass yield response to fertilizer N may be more frequent on eroded claypan soils than other soils as yield increased with fertilization in 4 of 12 site-year combinations. At two locations with yield response to N in young stands, priming N fertilization strategies had no advantage over constant annual rates of fertilizer. The medium constant rate of 67 kg N ha -1 yr -1 at these two sites was the lowest rate needed to maximize 3-yr production, and this rate did not increase removal of N in harvested biomass. Relative LCC in June may reliably indicate which site-years require fertilizer N because site-years with relative LCC < 0.85 had yield response to N, while those ≥0.85 did not. This and other site-specific tools aimed at predicting annual fertilizer N response in Miscanthus need to be further validated to avoid excessive fertilizer applications that waste resources, decrease ethanol quality, and impair environmental quality. 
